Light induced remanent changes in magnetization of n-type Cd1-xMnxΤe The formation of bound magnetic polarons (BMPs) in magnetic semiconductors is a consequence of a strong exchange interactions between localized spins of magnetic ions and spins of charge carriers. In it, charge carriers bound to impurities polarize the spins of magnetic ions within their orbit, thus lowering the total energy of the system. Effects related to BMPs have been observed in Raman scattering [1], photoluminescence [2] and electron transport [3] experiments in various diluted magnetic semiconductors (DMS). Different successful theoretical approaches have been developed to treat the BMP problem [4] [5] [6] . however, not all thermodynamic properties of BMP have been experimentally studied. Thus, direct magnetization measurements of persistent BMP have been reported for a limited range of magnetic field only once [7] . The contribution of BMP to the magnetization of a paramagnetic DMS is small and strong paramagnetic background in these materials makes such measurements difficult. Application of the persistent photoconductivity effect, observed in In-and Ga-doped CdMnTe crystals [8] , helps to overcome this difficulty. Hlumination of the sample at low temperatures raises (by several orders of magnitude) the shallow donor concentration which persists *e:mail address: jolanta@posta.miizar.es (976) 
The formation of bound magnetic polarons (BMPs) in magnetic semiconductors is a consequence of a strong exchange interactions between localized spins of magnetic ions and spins of charge carriers. In it, charge carriers bound to impurities polarize the spins of magnetic ions within their orbit, thus lowering the total energy of the system. Effects related to BMPs have been observed in Raman scattering [1] , photoluminescence [2] and electron transport [3] experiments in various diluted magnetic semiconductors (DMS). Different successful theoretical approaches have been developed to treat the BMP problem [4] [5] [6] . however, not all thermodynamic properties of BMP have been experimentally studied. Thus, direct magnetization measurements of persistent BMP have been reported for a limited range of magnetic field only once [7] . The contribution of BMP to the magnetization of a paramagnetic DMS is small and strong paramagnetic background in these materials makes such measurements difficult. Application of the persistent photoconductivity effect, observed in In-and Ga-doped CdMnTe crystals [8] , helps to overcome this difficulty. Hlumination of the sample at low temperatures raises (by several orders of magnitude) the shallow donor concentration which persists for a long time after the light is shut off. BMPs, formed on light-induced donors, give rise to an additional magnetization which may be measured as the host magnetization does not change upon illumination otherwise. Such measurements have been reported for Ga-doped Cd1-xMnxTe1-ySey crystals (x = 0.10) at 2.1 and 4.2 K in magnetic fields of up to 0.02 T and have been described by the BMP theory [7] . However, the range of magnetic field used in Ref. [7] has been too small to observe saturation of BMP magnetization with increasing magnetic field. Here, we report BMP magnetization studies in Cd1-x Mn xTe (x = 0.01, 0.05) single crystals doped with Ga in magnetic fields of up to 0.5 T at T = 2 and 5 K. Several new features of BMP behavior are observed which confirm the existing theoretical picture of these complexes.
Single crystals of Cd1-xMnxTe, doped with gallium, were grown by a modified Bridgman method. The as-grown alloys were of high resistivity, because of a large density of Cd vacancies. To increase n-type conductivity, Cd1-x Mnx Te:Ga was annealed in Cd vapor at a temperature of 1000°C for 100 h. The manganese concentrations were checked by photoluminescence measurements; they agreed well with the nominal x valnes. Samples used in our study were cleaved from the bulk material. Hall effect measurements were carried out in a temperature range from 1.6 to 300 K. We used unpolarized light emitting diodes (λ = 860 nm or 780 nm) with an intensity of about 10 W/m2 as a source of illumination at low temperatures. Excitation energy was below energy gap value. Magnetization measurements were performed using a commercial Quantum Design SQUID magnetometer with an optical fiber insert which was designed by us. After each experimental run, we heated the sample to about 150 K and then slowly cooled it down ill order to reestablish the initial conditions.
The electron concentration variations with temperature in Cd 1 -x Mnx Te:Ga (x = 0.01 and 0.05) samples before and after illumination are shown in Fig. 1 . The observed behavior can be explained in terms of metastability of Ga dopant [8] .
Thus, for T> 100 K, the dark carrier concentration decreases upon cooling down as electrons freeze-out on the relaxed deep donor levels. The slope of the reciprocal of the Hall coefficient versus 1/T in this region gives an activation energy of the order of 7 and 90 meV for x = 0.01 and x = 0.05, respectively. Below 100 K, further electron freeze-out may occur only at the unrelaxed state of the defect with a smaller activation energy since the energy required to produce lattice distortion around the defect is greater than kT. Electrons excited by light from deep traps remain in the conduction band persistently, if their energy is lower than the capture barrier. The maximum photoinduced change in concentration of shallow donors, ΔΝD, estimated from the Hall effect measurements, is about 2.1 x 10 16 cm-3 and 4.1 x 1015 cm-3 for x = 0.01 and 0.05, respectively.
Changes in the magnetization upon illumination in doped Cd1-x Mn x Te sampies are shown in Fig. 2 as a function of applied magnetic field for two different temperatures: T = 2 and 5 K. Several samples of each composition were studied. The total change in magnetization (upon illumination that is long enough to reach saturation) is proportional to the mass of the samples and to light induced persistent donor concentration. Therefore, it is a measure of the magnetization of BMPs formed on shallow donors. The BMP magnetization gradually saturates as magnetic field increases. The saturation is faster at lower temperatures and for samples with larger Mn content. The BMP contribution to the magnetization, shown by solid curves in Fig. 2 , has been calculated from the BMP partition function [5] . It can be equally obtained by taking the partial derivative of the donor-BMP free Direct Measurements of Bound Magnetic Połaron Magnetization ... 979 energy with respect to magnetic field [4] . We have included in our calculations the effect of the antiferromagnetic exchange coupling between the magnetic ions in the way proposed in Ref. [6] . A modified Brillouin function has been used to describe the magnetic properties of DMS. Phenomenologically, the parameter Τ 0 has been introduced in the description of DMS magnetization in Ref. [9] . The lattice temperature Τ was replaced by the effective value Teff = Τ + T0, where Τ0 is related to the exchange integrals involving non-nearest-neighbor magnetic ions. The spin S of the magnetic ion was also replaced by an (composition dependent) effective value S0 (S0 < S) since a significant fraction of the magnetic ions does not contribute to the net magnetization.
The parameters Τ0 and S0 have been obtained from the experimentally measured magnetic susceptibility of the samples at various temperatures and magnetic fields. The values of x eff = xS0 /S are 0.009 for x = 0.01 and 0.03 for x = 0.05, respectively. The parameter T0 is 0.9 K and 1.9 K for x = 0.01 and 0.05, respectively. We used a value of 220 meV [10] for the s-d exchange constant. The donor Bohr radius value is 50 Α for x = 0.01 and 45 Α for x = 0.05, respectively [10] . The values of ΔND are taken from the Hall-effect measurements. There are no fitting parameterS in our calculationS. We find that the BMP theory [5] describes correctly the saturation of the BMP magnetization with increasing magnetic field. This effect had not been observed in earlier experiments. The correlation between the BMP magnetization and the light-induced persistent donor concentration is consistent with the negative-U defect model for DX-like centers in II-VI semiconductors [11] .
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